enormous interest in perovskite-based multi-junction photovoltaics (PV). [1] To go beyond Shockley-Queisser radiative efficiency limit for single-junction solar cells, wide-bandgap (WBG) perovskite top solar cells (E G > 1.6 eV) [5] are combined with high-efficiency low-bandgap (LBG) bottom solar cells made from Si, [6] CIGS [7] or LBG (E G < 1.3 eV) perovskite devices. [8] [9] [10] While tandem PV technologies based on market-dominant crystalline Si and CIGS bottom solar cells have recently demonstrated PCEs exceeding 28%, [6, 11] all-perovskite tandem solar cells are still less advanced. In comparison to single junction PSCs, all-perovskite tandem solar cells still lack behind with record PCEs of 23.1% [12] and 25% [12] for of all-perovskite two-terminal (2T) and four-terminal (4T) tandem solar cells, respectively.
Most LBG PSCs are processed using the antisolvent method, whereby antisolvents promptly remove the precursor solventsdimethylformamide (DMF) and dimethyl sulfoxide (DMSO)from the wet film and initiate fast nucleation and crystal growth of the multicrystalline perovskite thin film. However, the antisolvent method is also known to produce rather small LBG perovskite grains in the range of only a few-hundred nanometers. [24] [25] [26] [27] While it was shown that these small grains (accompanied by a large number of grain boundaries in the film) do not cause severe problems in Pb-based perovskite thin films, they are reported to be detrimental in Sn-based perovskite thin films [24] [25] [26] [27] due to lots of defects at the grain-boundaries. Therefore, controlling the nucleation and crystal growth in Sn-based LBG perovskites is essential for achieving thin films of high optoelectronic quality. To further improve the morphology and crystal quality of LBG perovskite thin films, several studies investigated the ratio of halogens in the LBG perovskite thin films. [19, 28] It was reported that in the LBG PSCs, similar to perovskites with regular-bandgap (E G ≈ 1.5-1.6 eV), the addition of chloride anions increases the average grain size and reduces electronic disorder in the mixed perovskite absorber thin films. [19, 29] Furthermore, the incorporation of Br − in the mixed Sn-Pb LBG perovskite can strongly reduce charge-carrier density and increase the Urbach energy. However, it was presented that incorporating small amounts of Br − (0.06 wt%) effectively passivates the grain boundaries. [28] In perovskite thin films, grain boundaries are known as being potential sites for nonradiative recombination of charge carriers. [28] Several attempts were conducted to reduce the grain boundaries in LBG perovskites using two-step methods, [30] MACl vapor treatment, [19] and hot-casting methods. [13] Among these methods, hot-casting resulted in microcrystalline perovskite grains but the electrical quality of the crystallites was very poor, exhibiting a low charge-carrier lifetime of 0.95 ns. [13] Thus, a fabrication method that allows processing large grains with high electrical quality would induce an outstanding development for LBG PSCs.
In this work, vacuum-assisted growth control (VAGC) is introduced to control the thin-film formation of LBG mixedcation perovskites in the composition of FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 .
As it is shown throughout the paper, VAGC allows the modification of the LBG perovskite microstructure to realize pinhole-free perovskite thin films of large grains with improved charge-carrier lifetimes as well as optoelectronic properties compared to LBG perovskite thin films processed by the conventional antisolvent method. In particular, employing the VAGC to fabricate LBG PSCs (E G ≈ 1.27 eV), a high PCE of 18.2% is demonstrated which is among one of the highest reported pure iodine-based LBG PSCs (with no additives such as Br − , [28] Cl − , [31] and GuaSCN [12] ). Finally, using the current LBG PSC processed by VAGC in combination with a semitransparent regular-bandgap (E G ≈ 1.63 eV) PSCs in a 4T all-perovskite tandem solar cell, an efficient PCE of 23% and a stabilized PCE (SPCE) of 21.8% are achieved.
To date, the deposition of LBG perovskite thin films is conducted by spin-coating the precursor solution and extracting the solvents in an antisolvent step using toluene, [14] chlorobenzene, [30] diethyl ether, [22] or anisole [19] followed by an annealing step. The choice of the antisolvent allows controlling the morphology of the perovskite thin film, which, in turn, determines the optoelectronic properties and PV characteristics of the LBG PSCs. [32] For the established triple-cation PSCs, the antisolvent method yield thin films with dense and compact grains in the range of a few-hundred nanometers. [24] [25] [26] [27] In this work, VAGC is employed as an alternative strategy to initiate nucleation in the solution-processed perovskite wet films, making use of an abrupt vacuum step to promptly evaporate the solvents (see Figure 1a ,b). As shown in Figure 1a ,b, the perovskite thin film produces in the vacuum chamber by ejecting the solvents (DMF and DMSO) followed by annealing on the hotplate. Perovskite thin films prepared by this method exhibit large columnar grains with almost no grain boundaries perpendicular to the thin-film surface (see Figure 1c ). The columnar grain orientation in the LBG perovskite thin films is expected to be beneficial, as it allows fast transportation of charge carriers across the perovskite thin film to the selective contacts at the perovskite/ electron transport layer (ETL) and perovskite/hole transport layer (HTL) interfaces. Making use of the large columnar LBG perovskite grains produced by VAGC in this work, PSCs with PCE as high as 18.2% are demonstrated, exceeding the 15.4% of reference devices prepared by the established antisolvent method (Figure 1d ). Moreover, these devices also demonstrate good long-term stability in the stabilized PCE (SPCE) up to 17.1% under constant air-mass 1.5 global (AM 1.5G) solar illumination and 300 s of maximum power-point (MPP) tracking, illustrated in Figure 1e . The long-term MPP tracking of the prepared devices by VAGC and the antisolvent method shows similar photo-stability for PSC prepared by VAGC compared to the antisolvent method (Figure S1, Supporting Information) for devices stored at 25 °C in N 2 atmosphere. It should be noted that, to date, this represents one of the highest PCEs of the LBG PSC based on pure iodine halogen without incorporation of Br − , [28] Cl − [31] nor incorporation of additives such as GuaSCN. [12] The SEM image inset in Figure 1e demonstrates the surface morphology of the large-grain LBG perovskite thin film produced by VAGC with a 10 s vacuum step. The optimization of the vacuum time will be discussed later. The thin-film architecture of the reported LBG PSC is glass/indium tin oxide (ITO)/poly (3,4ethylenedioxythiophene) :polystyrene sulfonate (PEDOT:PSS)/(FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 )/phenyl-C 61 -butyric acid methyl ester (PCBM)/fullerene (C 60 )/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/Ag, as illustrated in Figure 1c . The perovskite is processed with a Pb to Sn molar ratio of 1:1. The molar ratio of the organic cations FA to MA is optimized to 4:1 with regard to stable LBG PSC. For more details on the device fabrication, the reader is directed to the methods section.
By adopting the mass flow rate and vacuum time during the VAGC, the solvent extraction is manipulated, allowing to control the grain size of the microcrystalline perovskite thin films. [33] A vacuum pressure base of 10 Pa is maintained during VAGC which implies prompt extraction of the solvents given the vapor pressure of DMF (≈360 Pa) [34] and DMSO (≈56 Pa). [34] However, it should be noted that in the perovskite solutions, DMF and DMSO are known to form chemical complexes with PbI 2 and SnI 2 . [25] Complexed DMSO and DMF are much more challenging to be removed during the vacuum step and likely will only exit from the film during the subsequent annealing [25] at around 100 °C. The champion device reported in Figure 1d used VAGC for 10 s of vacuum time. This optimum vacuum time is determined among four vacuum times presented in Figure S2a (Supporting Information). Similarly to the reference devices prepared by the antisolvent method, the solar cells prepared with short vacuum times (<10 s) suffer from a lower open-circuit voltage (V OC ), fill factor (FF), and current density (J SC ) ( Figure S2b -d, Supporting Information). On the other hand, as shown in Figure S2a (Supporting Information), longer vacuum times (30 s) deteriorate the PCE of the LBG PSCs as well, which will be investigated in more detail as part of the photophysical characterization later in this work. As shown in Figure S2e (Supporting Information), the enhancement in J SC with vacuum time is confirmed by external quantum efficiencies (EQE) measurements. Given that the absorptance of the perovskite layers prepared for various vacuum times remains similar ( Figure S2f , Supporting Information), it can be concluded that the internal quantum efficiency in the perovskite solar cells increases with vacuum time. This enhancement in internal quantum efficiency can be attributed to reduced nonradiative recombination losses in the perovskite layer, leading primarily to a strong enhancement in V OC ( Figure S2c , Supporting Information) possible along with an improved charge carrier collection efficiency. Besides the improved quality of the perovskite absorber layer ( Figure S2g , Supporting Information), also a stronger quenching of the photoluminescence (PL) signal for perovskite layers prepared with longer vacuum times is observed if covered with the PCBM/C60 as an ETL (see Figure S2h , Supporting Information). The enhanced quenching indicates that charge carrier transport is facilitated at the perovskite/ETL (PCBM/C60) interface for perovskite layers prepared with long vacuum times. For the antisolvent method, crystallization of the perovskite thin film is initiated at the point when the antisolvent is dripped onto the wet film of the spin-coated precursor solution. Given the short timeframes and a large number of poorly controlled experimental variables (including dripping the antisolvent, the purity of the antisolvent, the dripping duration, angle of the pipette), LBG perovskite thin films produced by the antisolvent method are difficult to control at whole parts of the surface. Therefore, in general, the antisolvent method is prone to numerous uncertainties in the reproducibility of the prepared devices, while LBG perovskite solar cells processed by VAGC demonstrate a high PCE and reproducible performance (see Figure 1f ). The homogeneous removal of the solvents over the entire area is assumed to be one of the keys to achieve a good reproducibility ( Figure 1f ; Figure S2a , Supporting Information). Next to the improved reproducibility of devices processed by VAGC (here 58 samples), this method is an appropriate candidate for upscaling of the LBG PSCs. To demonstrate this, an LBG PSC with 1 cm 2 active area is fabricated and the performance is compared to that of a PSC with a small active area of 0.105 cm 2 in the same batch (see Figure 1g ). As shown, a slightly reduced PCE of 16.4% is observed for PSC with 1 cm 2 aperture area compared to the best small-area PSC, which exhibits 17.8% PCE.
Having demonstrated that VAGC is a promising route to process high-quality LBG perovskite thin films and highefficiency solar cells, the morphology of these thin films are studied in detail with respect to the vacuum time during VAGC. Scanning electron microscopy (SEM) images of the surface of the LBG perovskite thin films prepared by VAGC and a subsequent annealing step on a hotplate (100 °C, 5 min) show that increasing the vacuum time (2, 5, 10, and 30 s) leads to larger grains in the perovskite thin film (Figure 2a-d) . As illustrated in Figure 2a , by exposing the wet thin film to vacuum for just 2 s and subsequent annealing on a hotplate, the film exhibits only small grains of <400 nm in diameter. As shown in Figure 2a -c, with increasing vacuum time to 10 s, the primary LBG perovskite grains increase in size and the surface area covered with small grains decreases. By further increasing the vacuum time, the size of the grains slightly decreases ( Figure 2d ). For 10 s vacuum time, the primary grains exceed diameters of 2 µm and the small grains almost vanish completely ( Figure 2c ). Furthermore, the undesired pinholes, which are observed at lower vacuum time <10 s, disappear with increasing vacuum time (Figure 2a -c). Perovskite thin films with large grain and pinhole-free morphology have been reported to be promising for solar cells [29, 35] and also in our study, these perovskite thin films yield devices with high PCEs (Figure 1 ; Figure S2a , Supporting Information). The observed increase in primary perovskite grain size with increasing vacuum time is attributed to the vacuum-induced nucleation and perovskite nuclei growth by prompt removal of the solvents from the wet film. For too short vacuum times <5 s, the growth of the perovskite grains is expected to be incomplete and larger amounts of small grains appear at the surface of the thin film. For longer vacuum times ≥10 s, the growth of the perovskite grains saturates as the perovskite thin film consists of densely packed grains with diameters >2 µm. In Figure S3 (Supporting Information), a schematic illustration is provided to propose the suggested morphology formation of the LBG perovskite thin film during VAGC of different vacuum times followed by the annealing step.
It is important to note that the LBG perovskite thin films fabricated by VAGC show significantly larger perovskite grains compared to those reference perovskite thin film processed by the antisolvent method (see Figure 2e ). Moreover, the LBG thin films processed by the antisolvent method reveal horizontal grain-boundaries normal to the direction of the charge-carrier transport in the film (see Figure 2f ), while the perovskite thin films processed by VAGC show large columnar grains almost without grain boundaries normal to the charge transport (see Figure 2g ). More SEM images from cross-section of the prepared devices by VAGC and antisolvent and the grain size statistic is shown in Figure S4 f) The corresponding cross-section images of the perovskite thin films grown by the antisolvent method and g) VAGC. h) Grain size statistics of the produced perovskite films at different vacuum times of VAGC and antisolvent method. XPS spectra of i) the C 1s, j) the Pb 4f 7/2 , and k) the Sn 3d 3/2 region of the samples prepared by the antisolvent method, the 5 s, and 10 s VAGC. The XPS survey spectra are shown in Figure S5 in the Supporting Information. l) X-ray diffraction patterns and m) peak intensity ratios for deposited perovskite thin films grown by VAGC (vacuum times of 2-30 s) and antisolvent method.
the vacuum time. To study this white region, surface-sensitive X-ray photoelectron spectroscopy (XPS) measurements of the LBG perovskite thin films processed by the antisolvent method, the 5 s, and the 10 s VAGC are conducted. The XPS survey spectra (see Figure S5 in the Supporting Information) show all expected photoemissions and Auger peaks, e.g., C 1s, N 1s, Sn 3d, Pb 4f, and I 3d. At first glance, the three survey spectra appear similar. Despite some small variations, the most obvious difference is an increase of the Sn-related intensities for the 5 s VAGC samples. To analyze the variations, the C 1s, Pb 4f 7/2 , and Sn 3d 3/2 detail spectra are shown in Figure 2i -k. The C 1s spectra exhibit two main peaks at ≈288.0 and ≈284.6 eV and a shoulder at ≈286 eV. These features are indicative for the organic cations of FA and MA. [5, 36] The sample prepared by the antisolvent method shows highest value of the organic cations on the surface while the prepared sample at vacuum time of 5 s shows the lowest C-related intensity (Figure 2i ). A qualitative analysis of the Pb 4f 7/2 signals show that the 5 s VAGC sample exhibits the lowest Pb intensity, followed by the 10 s, and the antisolvent sample ( Figure 2j ). In contrast, the Sn 3d signal is strongest for the 5 s vacuum time, decreases in intensity for the 10 s VAGC sample and is lowest for the antisolvent sample ( Figure 2k ). In addition, the main peak at ≈494.8 eV can be related to Sn 2+ . Accordingly, the 5 s sample shows the highest amount of Sn 2+ , which decreases (relative and absolute) for the 10 s sample. This result is aligned with the decrease of the white regions in the SEM images (Figure 2a-d) , which is a strong indication that these white regions consist of a Sn-rich phase, possibly SnI 2 . This suggests that a growth time of 5 s in vacuum for the perovskite is not long enough to form the right stoichiometric composition. Furthermore, these white regions in the interface of the perovskite and ETL can be original of hindering the charge extraction, which is observed in Figure S2h (Supporting Information), and consequently lower current density at lower vacuum time ( Figure S2d , Supporting Information).
In order to trace the structural transformation of the LBG perovskite thin films processed by VAGCs for different vacuum times, X-ray diffraction of these thin films are compared to LBG perovskite thin films processed by the antisolvent method (see Figure 2l ,m). As a reference, pure Sn-and Pb-based perovskite thin films with compositions FA 0.8 MA 0.2 SnI 3 and FA 0.8 MA 0.2 PbI 3 are compared (see Figure S6a ,b in the Supporting Information). By increasing the vacuum time, the intensities of the characteristic peaks of the perovskite structure at 14.2° and 28.4° decrease, while the intensity of the characteristic perovskite peak at 31.8° slightly increases (see Figure 2l ,m). This gradual change in relative height of the perovskite peaks in the XRD pattern is a very strong indication of a gradual change in crystal orientation in the perovskite thin films along with increasing vacuum time. Moreover, compared to the reference mixed Sn-Pb LBG perovskite thin film processed by the antisolvent method, the higher peak intensity in the XRD pattern (see Figure S6a ,b in the Supporting Information) suggests a higher crystallinity for the LBG perovskite thin films processed by VAGC. Interestingly, the fast crystallization of the pure Sn-based perovskite structure produces perovskite crystals with very low intensity compared to the pure Pb-based perovskite and much less than the mixed Sn-Pb perovskite ( Figure S6a , Supporting Information). Moreover, as shown in Figure S6a (Supporting Information), a strong hexagonal nonperovskite phase (δ-phase) peak [37] is observed in the FA 0.8 MA 0.2 PbI 3 (located at 12°), which does not appear in the XRD pattern of FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 prepared by the antisolvent method and VAGC ( Figure S6a , Supporting Information). Furthermore, in the experiment, it was visually observed that the formation time needed to form the perovskite thin films in the vacuum chamber follows the order FA 0.8 MA 0.2 PbI 3 < FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 < FA 0.8 MA 0.2 SnI 3 (see supporting videos and more details in Supporting Information). Furthermore, according to the full width at halfmaximum (FWHM) extraction, the crystal size of the mixed Pb-Sn perovskite is between the pure Pb-based and pure Sn-based perovskite structures ( Figure S3a ,b, Supporting Information). Therefore, the XRD results and visual observation indicate that the mixture of Sn and Pb significantly alters the perovskite crystal growth by fast nucleation of the Sn-rich perovskite to control the crystal growth direction followed by a contribution of the Pb component in the FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 crystal structure. To further investigate the surface of the perovskite thin films grown by VAGC and the antisolvent method, Kelvinprobe force microscopy (KPFM) analysis is conducted in the dark and in ambient atmosphere ( Figure S7 , Supporting Information). It should be noted that KPFM measurements conducted in an ambient atmosphere can be affected by moisture or oxygen. However, the presented data still support the hypothesis that the perovskite thin films prepared by VAGC and the antisolvent method differ strongly and show a different material quality by contact potential difference (CPD) variation at the surface for both thin films. The detailed information is provided in the Supporting Information.
To study the charge-carrier lifetime in the perovskite thin films by time resolved photoluminescence (TRPL), two architectures are selected as follows: a) LBG perovskite thin films on insulating bare glass substrates and b) LBG perovskite thin films deposited on PEDOT:PSS as an HTL on a glass/ ITO substrates (Figure 3a,b) . Poly(methyl methacrylate) PMMA is used as an encapsulating layer on the perovskite layer in both architectures. The perovskite thin film deposited on the bare glass substrate reveals the monomolecular lifetime of the charge carriers in the film limited only by nonradiative recombination at grain boundaries and bulk defects. As shown in Figure 3a , the LBG perovskite thin films processed by VAGC with 2 s vacuum time exhibit a low carrier lifetime of around 86 ns. With increasing vacuum time, the charge-carrier lifetime increases to 89, 220, and 105 ns, for vacuum times of 5, 10, and 30 s, respectively ( Figure 3a ; Table S1 , Supporting Information). The longest charge-carrier lifetime of 220 s is demonstrated for the LBG perovskite thin films processed with 10 s vacuum time, which underlines the high quality of this LBG perovskite absorber thin film. These process parameters are also used for the champion device presented in Figure 1d . The increase in lifetime corresponds to a decrease in nonradiative recombination, which correlates again with the increase of the number of large grains for the perovskite thin films processed with longer vacuum times (see Figure 2 ). Moreover, as shown in Figure 3a and Table S1 (Supporting Information), we also find that the charge-carrier lifetime of the LBG perovskite thin films processed by the antisolvent method are >20 times lower than for VAGC (10 ns vs 220 ns). This difference is attributed to the improved morphology, namely the larger grains with less horizontal grain boundaries in the LBG perovskite thin films prepared by VAGC compared to those prepared by the antisolvent method (Figure 2f,g) . This finding is in agreement with the higher V OC and FF for LBG PSCs prepared by VAGC compared to the antisolvent method (Figure 1d ). In the presence of PEDOT:PSS as underlying HTL on the glass/ITO, the charge-carrier lifetime of the deposited LBG perovskite thin film with VAGC is in the order of 13-18 ns while the LBG perovskite thin film prepared by the antisolvent method presents a charge-carrier lifetime of 5 ns (Figure 3b ; Table S1 , Supporting Information). This indicates that in the both VAGC and antisolvent method, the smaller grains cause faster extraction of charge carriers at the perovskite/HTL interface resulting in photoluminescence (PL) quenching.
The quality of the band edge of the LBG perovskite thin films prepared by VAGC and antisolvent method are compared by evaluating the Urbach energy. The energy disorder at the band edge, which is quantified by the Urbach energy (E u ), can be estimated using the expression
where α is the absorption coefficient, E u is the Urbach energy, and E(=hυ) is the photon energy. [38] As illustrated in Figure 3c , increasing the vacuum time results in a decrease of the E u of the prepared LBG perovskite thin films from 25 to 14 meV, representing a very noticeable decrease in disorder. In other words, this increase in the vacuum time abates density of traps states close to the band edge of the LBG perovskite thin films. This result is in good agreement with TRPL results (Figure 3a ) as well as PV characteristics ( Figure S2a-d , Supporting Information). It suggests that the VAGC-processed perovskite thin films exhibit improved quality. Moreover, compared to the LBG perovskite thin films processed by the antisolvent method (E u = 29 meV), the films processed by VAGC with vacuum times >5 s show less disorder, indicating lower trap densities close to the bandgap. Decreasing the trap density by longer vacuum-exposure times diminishes the possible trap-assisted recombination, which leads to considerable enhancement in the device performance (Figure 1d ; Figure S2a -d, Supporting Information). In addition to the TRPL, the improved quality of the LBG perovskite thin films employed in the solar cells is verified by comparing the dark saturation current densities and the ideality factor in devices prepared by VAGC and antisolvent Adv. Energy Mater. 2020, 10, 1902583 method. The lower dark saturation current density of the PSCs with LBG perovskite absorber thin films prepared by VAGC highlights that these devices suffer less from nonradiative recombination (see Figure S8 in the Supporting Information). Finally, the ideality factor determined by light-intensitydependent V OC measurements of the champion PSCs prepared by VAGC and the reference devices prepared by the antisolvent method are presented in Figure 3d . The ideality factor is significantly reduced for the LBG PSC prepared by VAGC to n ≈ 1.1 in the vacuum time of 10 s. This is a further indication that the nonradiative bulk recombination (Shockley-Read-Hall type, with n = 2) is decreased and the relative amount of the intrinsic radiative recombination (n = 1) is enhanced (Figure 3d ). In contrast, the solar cell prepared by the antisolvent method shows n ≈ 1.7 indicating comparably stronger SRH recombination (Figure 3d ). Overall, we demonstrate different surface and bulk sensitive characterization methods encompassing material characterization (PL, TRPL, Urbach energy, XPS) as well as device characterization (ideality factor, dark saturation current) that the LBG PSCs prepared by VAGC employ perovskite thin films with less nonradiative recombination losses compared to those prepared by the antisolvent method. Finally, the high-performance LBG perovskite thin-film solar cells developed as part of this contribution are employed in allperovskite 4T thin-film solar cells. The 4T perovskite-perovskite tandem solar cells are stacked using a bottom LBG PSC (E G ≈ 1.27 eV; see absorptance and Tauc plot in Figure S9a -c in the Supporting Information) prepared by VAGC and a conventional semitransparent regular-bandgap (E G ≈ 1.63 eV; see absorptance and Tauc-plot in Figure S9d in the Supporting Information) perovskite top solar cell (see Figure 4a ). The MoO x thin film (10 nm) is used to protect the spiro-MeOTAD against ion bombardment during the subsequent ITO sputtering process and hole buffer thin film. [39, 40] A conventional MgF 2 thin film (200 nm) on the sputtered ITO is used as an antireflection coating to increase the optical transmittance. [41] As shown in Figure 4b ,c, the corresponding 4T all-PSC shows a remarkable PCE of 23.0% and SPCE of 21.8% (Figure 4b,c) . The PCE of the all-perovskite 4T solar cell is determined by summing the PCE of the semitransparent regular-bandgap (E G ≈ 1.63 eV) PSC and filtered LBG PSC (Figure 4a ). The champion LBG PSC processed by VAGC shows an outstanding PCE of 18.2% (SPCE of 17.1%) under AM 1.5G solar illumination and 4.5% SPCE by using the semitransparent regular-bandgap PSC as a light filter. By filtering the light with the semitransparent regular-bandgap PSC, the current density of the LBG PSC decreases from 30 to 8.5 mA cm −2 (see Figure 4b ). The semitransparent regular-bandgap perovskite solar cell with normal architecture provides 18.5% (and SPCE of 17.3%) PCE (Figure 4b,c) . Furthermore, the reflectance and transmittance of the regular bandgap as well as EQE of the semitransparent regular bandgap top solar cell and LBG bottom solar cell with and without the semitransparent regular bandgap top solar cell as a filter are shown in Figure S9e These results demonstrate the potential of VAGC in the reproducible fabrication of high efficiency LBG perovskite solar cells as well as an efficient 4T all-perovskite tandem solar cell.
In summary, in this work, high-quality LBG perovskite thin films are prepared by VAGC. These films demonstrate large columnar grains compared to the reference devices prepared by the conventional antisolvent method. The improved film quality of the LBG perovskite thin films prepared by VAGC results in a strongly enhanced charge-carrier lifetime, namely 22 times longer than for the conventional antisolvent method. For an optimal vacuum annealing time, the resulting low-bandgap perovskite solar cells show a remarkable PCE of 18.2% and stable power output efficiency of 17.1% during MPP tracking. In this work, it is demonstrated that in the LBG perovskite thin films grown by VAGC, the radiative recombination is dominating compared to the LBG perovskite thin films grown by the antisolvent method. Furthermore, the VAGC demonstrate high reproducibility and good performance in LBG PSCs with active areas of up to 1 cm 2 . Making use of the LBG PSC (E G ≈ 1.27 eV) developed in this work, a 4T allperovskite tandem solar cell with a reverse J-V PCE as high as 23% is demonstrated.
Experimental Section
Preparation of the Precursor Solution for the LBG FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 Absorber: The optimized LBG (LBG) perovskite solution was prepared by mixing 0.7 m tin iodide (SnI 2 , Alfa Aesar, 99.999%), 0.7 m lead iodide (PbI 2 , 99.9985%), 0.008 m lead thiocyanate (Pb(SCN) 2, Sigma Aldrich, 99.5%), 0.048 m tin fluoride (SnF 2 , Sigma Aldrich, 99%), 1.15 m formamidinium iodide (FAI, GreatCell Solar), and 0.29 m methylammonium iodide (MAI, GreatCell Solar) in the 9:1 (volume ratio) mixture of N,Ndimethylformamide (DMF, Sigma Aldrich, anhydrous, 99.8%) and dimethyl sulfoxide (DMSO, Sigma Aldrich, anhydrous, ≥99.9%). The solution was kept at room temperature for three hours to ensure that all precursor materials were dissolved. The perovskite solution was prepared with a 1:1 stoichiometric molar ratio of Sn and Pb as well as a 4:1 stoichiometric molar ratio of FA and MA. The final perovskite composition is estimated to be FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 . The perovskite solution was prepared in a N 2 glovebox (O 2 < 0.2 ppm, and H 2 O < 0.4 ppm). The solution was processed immediately after preparation.
Preparation of the Precursor Solution for the WBG Cs 0.1 (MA 0.17 FA 0.83 ) 0.9 Pb(I 0.83 Br 0.17 ) 3 Absorber: The precursor solution was prepared by mixing methylammonium bromide (MABr), formamidinium iodide (FAI), lead iodide (PbI 2 ), and lead bromide (PbBr 2 ) in 4:1 DMF and DMSO with molar ratios of 0.2, 1, 1.1, and 0.2 m, respectively. A CsI stock solution (1.5 m in DMSO) was then added to form a Cs 0.1 (MA 0.17 F A 0.83 ) 0.9 Pb(I 0.83 Br 0.17 ) 3 perovskite stoichiometry.
Deposition of the WBG Cs 0.1 (MA 0.17 FA 0.83 ) 0.9 Pb(I 0.83 Br 0.17 ) 3 Absorber: For the deposition of the thin films, the as-prepared solution was spincoated in two steps: 1) 1000 rpm for 10 s and 2) 6000 rpm for 20 s. 7 s before the end of the spin coating, 100 µL of chlorobenzene was dripped as antisolvent on the wet film. The samples were then annealed at 100 °C for 1 h. Deposition and annealing of the perovskite absorber were conducted in a nitrogen-filled glovebox (O 2 < 0.2 ppm, and H 2 O < 0.4 ppm).
Deposition of the LBG FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 Absorber by the Antisolvent Method: For the LBG perovskite thin films prepared by the antisolvent method, the perovskite solution was spin-coated on a PEDOT:PSS-coated substrate at 6000 rpm for 50 s. 150 µL of chlorobenzene was dripped on the wet film 12 s after the start of the spin coating. Subsequently, the substrates were annealed at 100 °C for 6 min.
Deposition of the LBG FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3 Absorber by the Vacuum-Assisted Growth Control (VAGC) Method: Deposition of the LBG perovskite thin films by VAGC was conducted by spin-coating the perovskite solution on the PEDOT:PSS substrate at 5000 rpm for 12 s. The still wet films were then directly transferred into a vacuum chamber (≈10 Pa) with a 150 mL volume size. After different times of vacuum exposure (2, 5, 10, and 30 s), the perovskite thin films were annealed at 100 °C for 6 min. The perovskite thin films exhibit a thickness of ≈600 nm. Deposition, vacuum treatment, and annealing of the perovskite thin films were conducted in a nitrogen-filled glovebox (O 2 < 0.2 ppm, and H 2 O < 0.4 ppm). See the supporting videos and description in the Supporting Information.
Fabrication of the LBG Perovskite Solar Cells: The LBG solar cells were fabricated in planar device architecture based on the thin films stack sequence glass/indium tin oxide (ITO)/PEDOT:PSS/ FA 0.8 MA 0.2 Sn 0.5 Pb 0.5 I 3/ PCBM/C60/BCP/Ag. The glass substrates were coated with a 140 nm thick ITO thin film (sheet resistance 15 Ω sq −1 , Luminescence Technology). These substrates were cleaned consecutively in deionized (DI) water, acetone, and isopropanol in an ultrasonic bath for 10 min each. Right before the deposition of the hole transport layer, the substrates are treated in an oxygen plasma for 3 min. A thin (≈25 nm) poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Ossila, AI 4083) hole transport layer was deposited (as received) on the cleaned ITO substrate by spin coating (4000 rpm for 50 s), followed by annealing at 175 °C for 30 min. After the deposition of the perovskite thin film using the VAGC or antisolvent method, a thin film (≈5 nm) of 6,6-phenyl C 61 butyric acid methyl ester (PCBM, Sigma Aldrich, 99.5%) was deposited on the perovskite thin film using a 5 mg mL −1 solution in 1,2-dichlorobenzene (Sigma Aldrich, anhydrous, 99%). Afterward, two thin films of the fullerene (C 60 , ≈20 nm) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, ≈5 nm) were thermally evaporated as the electron transport material, followed by the deposition of a Ag rear electrode (≈100 nm). The active area of the solar cells was 0.105 cm −2 or 1 cm 2 .
Fabrication of Semitransparent WBG Solar Cells: The semitransparent WBG solar cells were fabricated in planar device architecture based on the thin-film stack sequence glass/ITO/SnO 2 /perovskite/spiro-MeOTAD/MoO 3 /ITO/MgF 2 . SnO 2 nanoparticles (Alfa Aesar, diluted by deionized water to 2% volume ratio) were spin-coated at a speed of 4000 rpm for 30 s on the ITO substrate, followed by an annealing step at 250 °C for 30 min in air. As hole transport layer, a spiro-MeOTAD thin film was deposited on the absorber. For that, 80 mg spiro-MeOTAD was dissolved in 1 ml of chlorobenzene and doped with 17.5 µL of a lithium salt solution (520 mg mL −1 of lithium bis(trifluoromethanesulfonyl) imide in acetonitrile) and 28.5 µL of 4-tetra-butylpyridine. The solution was spin-coated on the absorber at 4000 rpm for 30 s inside the glovebox. A 15 nm thick MoO x buffer thin film was deposited on top of spiro-MeOTAD by thermal evaporation before the deposition of the rear electrode. For the fabrication of the rear electrode, ITO (200 nm) was sputtered on the device by using a Lesker sputtering system. The deposition was carried out at room temperature (25 °C) at a process pressure of 0.8 mTorr. The process gas was argon with 2.5% of oxygen pressure. The conductivity of the ITO was further improved by evaporation of gold fingers (60 nm) on top of the ITO. A 200 nm thick MgF 2 thin film was thermally evaporated on the ITO in order to improve the transmission into the sub solar cell.
Sample Characterization-Current-Density-Voltage ( J-V) Measurements: The J-V characteristics of the LBG and semitransparent WBG PSCs were measured with a class AAA solar simulator (Newport Oriel Sol3A) at a power density of 100 mW cm −2 , simulating AM 1.5G solar irradiation. The scan rate during measurement was set to 0.6 V s −1 using a sourcemeter (Keithley 2400A). The solar simulator was calibrated with a certified Si solar cell (Newport) equipped with a KG5 band pass filter. The stable power output efficiency of the PSCs was determined by tracking the maximum power point (MPP) under continuous AM 1.5G illumination. The temperature of the devices was actively controlled by a Peltier element connected to a microcontroller and set to 25 °C while conducting the J-V analyses and MPP tracking. For measuring the photovoltaic characteristics of 4T-all PSC, the bottom LBG PSC was placed underneath a semitransparent WBG PSC.
Sample Characterization-Scanning Electron Microscopy (SEM): Field emission cross-sectional and top-view scanning electron microscopy (SEM) images of LBG perovskite were taken with a ZEISS Supra60 VP scanning electron microscope.
Kelvin-Probe Force Microscopy (KPFM) Measurement: The KPFM analyses was conducted stand-alone atomic force microscope (Asylum Research MFP-3D) with a conductive silicon cantilever coated with platinum (HQ: NSC18/Pt). The measurements of the topography and the contact potential difference (CPD) was performed in 28 nm over the sample surface in the air. For line profiles, an average of 5 pixels was chosen and the line position was at the middle of the taken images.
Optical Characterization and External Quantum Efficiency (EQE) Measurements: The absorption spectra of the perovskite thin films and devices were measured with a Bentham PVE300 photovoltaic service characterization system by illuminating the solar cell with modulated monochromatic light.
X-Ray Diffraction (XRD): The crystal structure of the perovskite thin films was examined by X-ray diffraction (Bruker D2Phaser) with Cu Kα radiation (λ = 1.5405 Å) in Bragg-Brentano configuration using a LynxEye detector. The X-ray data were taken from unfinished devices on glass/ITO/PEDOT:PSS substrates.
Steady-State and Time-Resolved Photoluminescence (PL) Spectroscopy: Transient PL measurements were performed using a streak camera system (Hamamatsu Universal Streak Camera C10910) coupled to a spectrometer (Acton SpectraPro SP2300). The streak camera was used in single sweep mode to allow for a 1000 ns time window and a full width at half maximum (FWHM) of the instrumental response function of 20 ns. For the excitation, a mode-locked Ti:sapphire laser (Coherent, Chameleon Ultra) with a pulse width of 140 fs and a repetition rate of 80 MHz was used. The light output was frequency doubled by a second harmonic generator (Coherent, Chameleon Compact OPO-Vis) and the repetition rate reduced to 0.7 MHz using a pulse picker (APE pulseSelect). All transient PL spectra were measured with a wavelength of 530 nm and a pump fluence of 46 nJ cm −2 . For the PL measurement of the Perovskite with and without PCBM/C60 on glass substrate, the glass-glass encapsulation was used, as PMMA solution can wash away the PCBM and C60.
X-Ray Photoelectron Spectroscopy (XPS) Measurements: For XPS, LBG absorbers prepared via the VAGC and the antisolvent method were sealed under inert atmosphere and introduced into the ultrahigh vacuum (UHV) system without air exposure. [42] The XPS measurements were performed in the materials for energy (MFE) laboratory at KIT with an Omicron Argus CU electron analyzer and a non-monochromatized DAR 450 twin anode X-ray source providing Mg K α and Al K α X-rays. The energy axis was calibrated using a sputter-cleaned Au, Ag, and Cu foil. [43] To prevent an influence of beam-induced changes from the X-rays on the spectra, measurement times were kept <10 min. This upper limit of the measurement time was determined in time-resolved measurements in the course of this study.
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